A modification to the Asymmetrically-Clipped Optical Orthogonal Frequency-Division Multiplexing (ACO-OFDM) technique is proposed through unipolar encoding. A performance analysis of the Bit Error Rate (BER) is developed and Monte Carlo simulations are carried out to verify the analysis.
INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM) has been the subject of extensive research for several decades, but has only recently been successfully implemented in commercial wired and wireless communications systems [1] [2] [3] [4] . OFDM is spectrally efficient, robust against narrowband interference and multi-path environments and employs a simpler equalization technique compared to single-carrier systems. The addition of a cyclic prefix to the beginning of the OFDM symbol mitigates both inter-symbol and inter-carrier interference preserving orthogonality amongst sub-carriers. Despite the widespread development of OFDM, it has only been recently proposed for optical communications, gated by developments in digital signal processing (DSP) [5] .
Optical OFDM system approaches can be segmented into two classes; Coherent Optical OFDM (CO-OFDM) and Direct Detection (non-coherent) Optical OFDM (DDO-OFDM). In the former, a laser source is used at the receiver to locally generate the carrier, improving spectral efficiency, receiver sensitivity, and robustness to polarization dispersion. However, these advantages are gained at the expense of increased sensitivity to phase noise and complexity. In the latter, a simpler receiver is used at the expense of increased transmitted optical power and the use of guard bands between the optical carrier and OFDM subcarriers [6] . In this paper the focus is on the latter.
Since intensity modulation and direct detection forms the basis of non-coherent optical systems and since the OFDM signal is complex, several techniques have been used to convert the OFDM signal into a real and positive value that can directly modulate an optical source. A number of techniques have been proposed to make the signal truly positive e.g., DC-biased Optical OFDM (DCO-OFDM) [7] [8] [9] [10] , Asymmetrically-Clipped Optical OFDM (ACO-OFDM) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and Unipolar OFDM (U-OFDM) [17] . In all these techniques, Hermitian symmetry has been employed to ensure that the signal at the output of the IFFT block is real [18, 19, [7] [8] [9] [10] [11] . In DCO-OFDM a DC bias is added to the bipolar OFDM signal to de-crease its negative level; any remaining negative levels are clipped and set to zero. The approach introduces clipping distortion, which according to Bussgang theorem [19, 7, 8] and the Central Limit Theorem [18, [7] [8] [9] [10] [11] can be modelled as an attenuation of the data carrying sub-carriers and an addition of a Gaussian element [18, 7, 8] . The net result is an increase of the required optical power to maintain performance, which in some applications may be proved to be a constraint [7, 8] .
In ACO-OFDM, data is mapped only onto odd subcarriers, while even subcarriers are set to zero and the negative levels of the IFFT output are clipped to zero. ACO-OFDM is thus more power efficient than DCO-OFDM because it does not require a DC bias [14] . The clipping noise impacts the even sub-carriers only and does not affect odd sub-carriers. However, transmitting data on the odd sub-carriers decreases the effective data rate (and consequently the spectral efficiency) by a factor of two compared to that of the DCO-OFDM for identical modulation format.
Although ACO-OFDM is more power efficient than DCO-OFDM, it still has a 3 dB power penalty compared to bipolar OFDM. The Unipolar OFDM (U-OFDM) technique, which resembles Flip OFDM (F-OFDM), has been proposed [17, 20] to reduce the power differential between ACO-OFDM and bipolar OFDM, through the creation of unipolar signals obviating the need for a DC bias.
The paper reports an approach to improving the performance of ACO-OFDM by utilizing unipolar encoding; the proposed technique is referred to as Modified ACO-OFDM (MACO-OFDM) [21, 22] . A detailed Bit Error Rate (BER) performance analysis is developed and Monte Carlo simulations are carried out to verify the analysis.
Results are compared to that of ACO-OFDM under the same bit energy per bit and transmission rate. In addition, the performance of the proposed system in atmospheric turbulence is evaluated using single-input multiple-output (SIMO) configurations and compared to that of ACO-OFDM. Results reveal that the proposed MACO-OFDM technique provides a better performance than that of ACO-OFD, especially in the presence of atmospheric turbulence.
The rest of the paper is organized as follows. In Section 2, the proposed technique is presented together with the system model. A mathematical description of the transmitter is also provided. In Section 3, a mathematical description of the receiver is given and the performance of the proposed MACO-OFDM system is analyzed giving an expression of its BER. Section 4 is devoted to the analysis of system performance in terms of both the BER and spectral efficiency. Both analytical and simulation results are compared in order to validate the analysis. Performance comparisons between ACO-OFDM and MACO-OFDM are presented. The performance of the proposed system in the presence of weak, moderate, and strong atmospheric turbulence is studied using SIMO configurations in Section 5. Conclusions are drawn in Section 6.
SYSTEM DESCRIPTION AND TRANSMITTER SIDE
The objective of MACO-OFDM is to improve the performance of ACO-OFDM through the use of unipolar encoding. After the IFFT, the time domain signal is antisymmetric around the central sample of the OFDM frame, without clipping as each sample has a mirror sample of the same value but of opposite sign. The average value of their magnitude at the receiver yields an estimate value of the original sample. The resultant unipolar signal improves the BER performance in comparison to approaches utilizing clipping. 
For the sake of convenience, the following set is defined for a given N:
Statistics of data symbols
For square M-QAM constellations, symbols   m k A belong to an alphabet A of M elements, which depend on the modulation format and have the same probability. 
P is the average power per symbol in the constellation. Further-more, for any k, hX  and any frame numbers , ml ;
It follows from the conjugate symmetry condition that for any
Since Eq. (3), therefore;
.
and not equal to each other.
Therefore;
The following relations hold for any , k h X  and any frame numbers , ml ;
EA P m l and h k E A A otherwise P m l and h N k E A A otherwise
             (10)
ACO-OFDM frame mapping and IFFT output
The ACO-OFDM frame is ( ( ); m  * * * 1 3 /2 1 /2 1 3 1 0, ,0, ,0,..., ,0,( ) ,0,...,( ) ,0,( ) .
The frame is input to the IFFT block transforming N complex information symbols  
The output time-domain samples of the IFFT signal   m n x are real but bipolar. The corresponding bipolar signal x(t) is written as;
where T is the channel symbol time duration and rect(t) is a rectangular pulse shaping function (introduced when converting the signal from digital to analog after IFFT block); 
using the summation of a geometric series. The corresponding correlation coefficient is thus;
The Gaussian assumption along with Eqs. (16) and (17) provides a complete statistical description of the random samples   m n x .
Unipolar encoding, MACO-OFDM frame, and pulse shaping
In ACO-OFDM, the bipolar real time-domain signal is clipped at zero to ensure that the signal is positive. In the proposed system, however, rather than clipping the signal at zero, unipolar encoding is used following Tsonev et al. [17] . Unipolar encoding represents each sample of the bipolar time-domain signal by a pair of new time samples. If the original time-domain sample is positive, then the first sample of the new pair is set with its amplitude and the second sample is set to zero. If the original time-domain sample is negative, then the first sample of the new pair is set to zero and the second sample is set with its positive amplitude. An example illustrating this operation is shown in Fig. 3 .
The MACO-OFDM signal (after pulse shaping) can be written as; (19) where m n x is as in Eq. (12), rect(t) is defined in Eq. (14) and sgn(x) is the signum function, expressed as;
It should be noted that the s(t) frame duration extends to 2NT. Furthermore, the transmission rate, sample variance, and the average energy per bit are given by; 
For an additive white Gaussian noise (AWGN) with singlesided power spectral density N0, the bit energy-to-AWGN ratio is given by; ( ) ( ) ( ) r r t s t n t  (25) where s(t) is the transmitted MACO-OFDM signal equation (19) . The receiver has to reconstruct the bipolar signal x(t) of Eq. (13). The MACO-OFDM signal s(t) represents this bipolar signal but in a unipolar form such that a sample-pair of s(t) represents both the absolute value and original sign of a sample of x(t).
Receiver process
The process of the receiver starts by collecting a sample-pair of the received signal r(t) by sampling at two instants   
The corresponding unipolar-decoded signal can be written as; 
Nonlinear transformation
The transformation of the x(t) into r(t) is neither predetermined nor linear nor deterministic, as it depends on two AWGN values at the two slots of each pair. The Bussgang Theorem a very convenient way to deal with the non-linear transformation of Gaussian random variables [19] ; if x(t) is a Gaussian random process, then any nonlinear transformation f(·) can be expressed as follows;
where K is a deterministic constant and d(t) is a suitably introduced additive noise term. The noise d(t) is uncorrelated with the input process x(t);
where τ is a time delay. 
Similarly, for the incorrectly detected active sample, the mean and variance are given by [17] ; Q dz 
Bit-error rate (BER) evaluation
Since the received samples are independently and identically distributed (IID) random variables, all random nonlinear trans-formations are equally likely and independently occurring at each time-domain sample. The FFT combines the random time samples linearly and generates frequency domain samples, the variances of which are preserved in the frequency domain. Therefore, the noise components are calculated on the average for different values of x(t) for both correct-and incorrect-detection; 
NUMERICAL RESULTS
The BER performance of the proposed MACO-OFDM system is estimated using the analytical formulae derived in the last section. In order to provide a meaningful estimation of system performance and in support of the analytical framework, a series of simulations were undertaken. A number of simulation approaches are commonplace but here, Monte Carlo is adopted since it has been proven to be the most efficient and is commonly used for the evaluation of communication systems [5, 21] . The methodology emulates the behaviour of each system component taking into account all possible operational states. Monte Carlo simulations are characterized by a long simulation time to convergence compared to analytical methods owing to the large number of scenarios considered in characterizing the system. Thus a combination of Monte Carlo simulation with Matlab software is used in the performance evaluation. All simulations are conducted for a 512-IFFT/FFT MACO-OFDM system and repeated for 10,000 iterations to evaluate the average BER. No saving in energy is evident when comparing 64-QAM MACO-OFDM with 8-QAM ACO-OFDM at this BER value. As expected the performance of MACO-OFDM decreases the gap between U-OFDM performance and ACO-OFDM.
MACO-OFDM TECHNIQUE IN ATMOSPHERIC TURBULENT CHANNELS
One of the most damaging impairments on Free Space Optical (FSO) system performance is atmospheric turbulence, induced irradiance fluctuations often referred to as scintillation [24] . Scintillation takes place as a result of heating of the surface of earth, resulting in the rise of thermal air masses. The masses combine forming regions with different densities and sizes, which cause differences in refractive indices varying with time. Moreover, these regions cause fluctuations in the irradiance of the received laser beam. A multiple-input multiple-output (MIMO) approach has been investigated as a solution, however in a dispersive channel, inter-symbol interference (ISI) is highly detrimental [24] . The use of OFDM in conjunction with MIMO technique has been suggested to overcome both ISI and the induced fading caused by atmospheric turbulence. MIMO-OFDM is currently used in the 4G wireless [25] and research has shown that deploying diversity at the receiver is more efficient than at the transmitter side [24] . A comparison of BER performance of both ACO-OFDM and MACO-OFDM techniques in turbulent channels using SIMO configurations is carried out.
Scintillation statistics and system model
A SIMO OFDM system with N photo-detectors at the receiver side. Each receiver collects a portion of transmitted optical power and by harnessing the Maximal Ratio Combining (MRC) diversity technique, fading induced errors can be mitigated [24] . Several distributions have been proposed to describe the irradiance fluctuation depending on the strength of the turbulence; log-normal, K-distribution, and gamma-gamma are the most commonly used models [24] . The applicability to model atmospheric turbulence from the weak to strong regimes by the gamma-gamma distribution has been demonstrated recently [24] . Throughout the analysis, the gamma-gamma channel model is adopted, the probability density function of which is the product of two in-dependent gamma random variables [26] 
Numerical results
Monte Carlo simulations are carried out to investigate the BER performance of both ACO-OFDM and MACO-OFDM using MRC diversity at the receiver for   1, 2, 4 N  at different atmospheric conditions. As the SI value increases, so does the turbulence strength and the induced irradiance fluctuations. To keep the effective data rates of both systems identical, focus is set on 4-QAM ACO-OFDM and 16-QAM MACO-OFDM systems. Fig. 6 shows a BER comparison for weak turbulence (SI =0.11). As expected, the performances of both systems improve as the number of receiving photodetectors (nRx) increases.
Specifically at a BER of 4 10  , the performance of MACO-OFDM is better than that of ACO-OFDM by 0.5 dB for N= 1, 2, and 4. Fig. 7 shows the BER performance for moderate turbulence (increase of the SI to 0.7). The performance of both systems degrades, however MACO-OFDM still outperforms ACO-OFDM. The improvement of MACO-OFDM over ACO-OFDM (at a BER of 4 10  ) is 2.6 dB, 1 dB and 0.5 dB for N=1, N=2, and 4, respectively. For strong turbulence (SI=0.98), similar conclusions can be drawn ( Fig. 8) . However, the difference in the performance improvement increases; the improvement in performance becomes 4 dB, 2.2 dB and 0.5 dB at N= 1, N= 2 and 4, respectively.
CONCLUSIONS
The adoption of unipolar encoding in ACO-OFDM has been proposed and the BER performance derived for the modified system. Monte Carlo simulations have been carried out to verify the analysis. In addition, the employment of the proposed system in the presence of atmospheric turbulence has been studied using single-input multiple-output (SIMO) configurations. Results have been compared to that of ACO-OFDM under same bit energy, transmission rate and receiver bandwidth. Energy improvements of about 4 dB and 2.2 dB can be noticed at a BER of 4 10  with SIMO systems of 1 and 2 photodetectors, respectively, at the receiver for the case of strong turbulence.
